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The evolutionary and physical deformability patterns
of members of the Ras GTPase superfamily were
investigated by Principal Component and Elastic
Network-Normal Mode analyses.
The study helped to decipher the dynamics infor-
mation encrypted into the conserved core and to
separate the trans-family intrinsic flexibility associ-
ated with a common function from the protein
motions related to functional specialization of
selected families or family members. The conserved
core is dynamically divided into two lobes. The defor-
mation modes, which allow the Ras GTPases to
accomplish their switching function, are conserved
along evolution and are localized in lobe 1 portions
close to the nucleotide. These modes lead to func-
tional specialization when associated with evolu-
tion-driven deformations of protein portions essen-
tially located in lobe 2, distal from the nucleotide,
and involved in peculiar interactions with membrane,
guanine nucleotide exchange factors, or effectors.
Overall, a complete picture of the functional and
evolutionary dynamics of the Ras superfamily
emerges.
INTRODUCTION
The guanine nucleotide binding proteins (G proteins), together
with their associated regulators and effectors, participate as
central control elements in signal transduction pathways that
involve virtually any aspect of cell biology (Colicelli, 2004).
Most of these proteins fall within the Ras superfamily, which ac-
cording to CATH (Orengo et al., 1997) is characterized by aRoss-
mann fold with a 3-layer (aba) sandwich architecture, where
helices 1 and 5 (a1 and a5) lay on one side, whereas a2, a3,
and a4 lay on the other side of the central five-stranded parallel
b sheet (i.e., comprising the b1 and b3-b6 strands) (Figure 1). The
helices a1 and a3 lay on the opposite side of the sheet due to the402 Structure 18, 402–414, March 10, 2010 ª2010 Elsevier Ltd All riginversion in the order of the preceding strands, b1 and b3,
respectively, which are adjacent to each other. The b1/a1 loop,
i.e., phosphate binding loop (P loop), and the region comprising
a2 as well as the preceding and following loops (i.e., switch II
[swII]), participate in the binding of the nucleotide phosphates
(Figure 1). The architecture of this superfamily is such that b1 is
also adjacent to b4. The b1/b4 interface divides the Ras-like
domain into two lobes (Gorfe et al., 2008): (i) lobe 1 (i.e., the
N-terminal half of the domain, 1-59 sequence [red numbers in
Figure 1]) includes the b1-b3 strands, the P loop, and the two
switches; and (ii) lobe 2 (i.e., the C-terminal half, 60-134
sequence), which includes the b4-b6 strands and the a3-a5
helices. Another peculiarity of the conserved Ras domain is
that b2 forms a b-hairpin with b3, the turn that connects the
two antiparallel strands being directed toward the opposite
side of the nucleotide binding cleft (Figure 1). The b2/b3 hairpin
is also called ‘‘interswitch’’ because the loops that enter b2
and exit from b3 constitute, respectively, the swI and swII
regions (Figure 1). The loops connected to the C terminus of
b1 and the N terminus of b2, P loop, and swI, respectively, define
most of the nucleotide binding site (Figure 1).
Themembers of the Ras superfamily act biologically asmolec-
ular switches cycling between ON and OFF states, thereby
controlling processes that range from cell growth and differenti-
ation to vesicular and nuclear transport (Vetter and Wittinghofer,
2001). The switch-on process requires the release of the bound
guanine diphosphate (GDP) and the subsequent binding of the
guanine triphosphate (GTP), an intrinsically slow process cata-
lyzed by guanine exchange factors (GEFs). In the GTP-bound
active state, the G proteins display a binding surface with high
affinity for downstream effectors, interactions through which
they exert their specific biologic functions. The switch-off
process involves the hydrolysis of GTP to GDP, a reaction that
is accelerated by guanine activating proteins (GAPs) and leads
to release of effector proteins (due to reduced affinity) and atten-
uation of downstream signaling (Colicelli, 2004).
Overactivation following mutation or overexpression of
members of the Ras family is linked to the onset of tumors
(Ras stands for rat sarcoma), whichmakes Ras a very interesting
target in cancer therapy (Colicelli, 2004). It is, therefore, under-
standable why unraveling the dynamics information encoded
into the structure of oncogenic Ras mutants is expected tohts reserved
Figure 1. Features of the Conserved Core within the Ras GTPases
(A) The multiple sequence alignment of the conserved Ras domain derived from the multiple structure alignment of representatives of the Arf (PDB code 1KSH),
Ga (PDB code 1TND), Rab (PDB code 3RAB), Ras (PDB code 5P21), and Rho (PDB code 1OW3) families. Helices, strands and loops are, respectively, colored in
violet, yellow and cyan. Black numbers refer to the sequential numbering, whereas red numbers refer to the conserved core. Red boxes concern the GTPases
ultraconserved sequences included in the conserved core.
(B) Cartoons of the H-Ras structure (PDB code 5P21) in its GTP-bound state. Secondary structure elements and loops follow the same coloring as that employed
for the alignment. White portions are the ones that have been excluded from the conserved core. The red line delimits the b2/b3 hairpin or ‘‘interswitch.’’ The GTP
nucleotide is represented in red sticks.
(C) The same view as in (B) is shown but colored to highlight lobes 1 (green) and 2 (blue).
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cancer drugs. Emblematic in this respect are a couple of compu-
tational studies aimed at mapping the structural and dynamical
features of the oncogenic G12V variant of H-ras (Futatsugi and
Tsuda, 2001; Gorfe et al., 2008). In these studies, the easing of
adopting the signaling-competent conformation (Gorfe et al.,
2008) or the enhanced dynamics of the nucleotide binding site
(Futatsugi and Tsuda, 2001) were suggested to be the features
related to the oncogenic properties of the mutant. Other mecha-
nisms leading to Ras overactivation in tumor cells include theStructure 18, 4deletion of the genes encoding negative regulators and overex-
pression of positive regulators (Colicelli, 2004). Activating muta-
tions in other members of the Ras superfamily are much less
common in human tumors. In vitro systems, however, provide
compelling evidence that several members of the Ras super-
family, aside from K-Ras, H-Ras, and N-Ras, can enhance or
facilitate cell transformation (Colicelli, 2004).
In spite of the extremely high biological and medical relevance
of the Ras GTPase superfamily, a comprehensive structural/
dynamics view of the trans-family and family-specific functioning02–414, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 403
Figure 2. Crystal Structures of the GDP- and GTP-Bound Forms
of Five Ras GTPase Representatives
Cartoonsof theGDP- (left) andGTP-bound (right) formsof (A)Arf, (B)Ga, (C)Rab,
(D)Rasand (E)Rhoare shown.Color coding is the sameas that used forFigure1.
The GDP and GTP nucleotides are colored in green and red, respectively.
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the mechanism of action of the protein and, consequently, our
possibilities for the rational design of new drugs. To our knowl-
edge, the only trans-family comparative study of functioning
mechanisms concerned short molecular dynamics (MD) simula-
tions on theGDP-boundMg2+-free/bound conformations of Ras,
Rho, Rab, Arf, and Ran (Mori et al., 2005). The study revealed
a common semiopen conformation similar to that in the GEF-
bound forms, suggestive of a regulatory role of Mg2+. Overall,
more effort has been made to investigate nucleotide-dependent
conformational states and the reaction path of GTP hydrolysis in
the Ras family (Gorfe et al., 2008; Grant et al., 2009; Kosztin et al.,
2002; Ma and Karplus, 1997a, 1997b).
This study faces for the first time a complete trans-family and
trans-functional state analysis on the Ras superfamily. Principal
component analysis (PCA) on evolutionary-derived samplings
and elastic-network normal mode analysis (EN/NMA) (Empera-
dor et al., 2008; Leo-Macias et al., 2005; Rueda et al., 2007;
Velazquez-Muriel et al., 2009) were instrumental in comparing
the evolutionary and physical deformability patterns of the most
representative members of the Ras superfamily, i.e., Arf, Ga,
Rab, Ras, and Rho (Figure 2).
This unprecedented extension of computational experiments
to the whole superfamily was ultimately aimed at capturing the
dynamics information encrypted into the conserved Ras-like
domain. For the first time, the trans-family intrinsic flexibility
associated with a common function and the protein motions
related to functional specialization of selected families or family
members were characterized and distinguished from each other.
Overall, a complete picture of the functional and evolutionary
dynamics of the Ras superfamily emerges. Indeed, the study
suggests that the structural flexibility patterns, which allow the
Ras GTPases to accomplish their switching function, are
conserved along evolution and pertain lobe 1 portions close to
the nucleotide. On the other hand, the deformation modes
dictated by evolution serve to function specialization of selected
family or family members and involve, in addition to the same
lobe 1 portions necessary for function retention, protein regions,
which are distal from the nucleotide binding site and may partic-
ipate in interactions with membrane, GEFs, or effector proteins.
RESULTS
Unraveling the Evolutionary Flexibility through PCA
Information on the evolutionary flexibility within the Ras super-
family was captured through PCA on a representative set of
168 crystallographic and NMR structures of Arf, Ga, Rab, Ras
and Rho family members (see Table S1 available online). This
set includes six distinct functional classes: GDP-bound (SGDP,
57 members), GTP-bound plus GTP hydrolysis early intermedi-
ates (SGTP, 87 members), GTP hydrolysis late intermediates
(SHYD+P, 6 members), G protein-GDP-GEF ternary complex
(SGDP-GEF, 6 members), and G protein-GEF binary complex
(SGEF, 12 members) (Table S1).
PCA was performed considering only the Ca-atoms of the
structurally conserved core (134 particles), which represents
from 70%–75% of the small G protein, to around 50% of the
large Ga protein regions (Figure 2) and includes most of the
GTPases ultraconserved sequences (G-boxes). As describedhts reserved
Figure 3. Selected Results of PCA on the
Conserved Core of the Whole Ras Super-
family Data Set
See also Table S1 and Figure S1.
(A) Displacements along PC1 and PC2 are shown
colored according to the family (left) or the func-
tional state (right). In detail, according to the
family-dependent coloring (left graph), the Arf,
Ga, Rab, Ras, and Rho members are colored in
red, yellow, cyan, black, and gray, respectively.
In contrast, functional-state-dependent coloring
is such that the SGTP, SGDP, SGEF, SGDP-GEF, and
SGDP+P are, respectively, red, green, blue, black,
and violet.
(B) Rmsf profiles (A˚) relative to the PC1 (left) and
PC2 (right) Ca-trajectories. Lines are colored
according to the secondary structure (see the
Figure 1 legend for color coding).
(C) Two views of the superimposed frames
projected along the PC1 (left) and PC2 (right)
Ca-trajectories. The PC1 and PC2 Ca-trajectory
frames follow, respectively, family-dependent
and functional-state-dependent color coding (for
details, see point A).
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‘‘evolutionary-sampled’’ patterns of flexibility of proteins, and
an associated set of eigenvalues, which indicates the impact
of each deformation on the total variance. For the studied set
of proteins, 3 eigenvectors captured around 50% of variance,
while 21 eigenvectors (of the nearly 400 ones) reproduce 90%
of the total evolutionary variance, which indicates the reduced
complexity of the evolution-dictated deformation space of these
proteins. Function-independent evolutionary flexibility wasStructure 18, 402–414, March 10, 2010essentially contributed by the first eigen-
vector (principal component 1; PC1, the
one explaining the largest percentage of
evolutionary variability), because it could
separate the members of the Rab, Ras,
and Rho families, from those of the Arf
and Ga families (Figure 3A). The protein
portions that contribute the most to the
differential projection along PC1 of the
two clusters of families include the b2
and b3 strands and the a3-a5 helices
(Figure 3B). In fact, the Ca-coordinate
projections along the first eigenvector
consist of a detachment of a5 from the
central b sheet, concomitant to a stretch-
ing movement of the interswitch, and
a reciprocal approaching of a3 and a4
(Figure 3C). The latter becomes almost
parallel to a5 on going from Ras/Rab/
Rho to Arf/Ga (Figures 2 and 3). Family-
dependent clustering is also slightly
operated by conformational changes in
a2, the N terminus of a3, the C terminus
of a5, the interswitch, and the a4/b6
loop. These transitions are coded in the
third eigenvector, PC3, which separatesthe Rho family members from all the other members of the Ras
superfamily (Figure S1).
Functionality-dependent movements are mostly coded in the
second eigenvector (PC2), which, for the Arf and Ga families,
tends to separate the SGTP forms from all the other functional
forms. In this respect, the presence of an SGDP form in the cluster
of SGTP forms for the Ga family (i.e., the dot with the lowest PC2
displacement in Figure 3a) may relate to the fact that such form is
not a proper GDP-bound inactive state but rather a Gai mutantª2010 Elsevier Ltd All rights reserved 405
Figure 4. Selected Results of PCA on the Members of the Arf Family, Considered in Their Almost Complete Length
(A) The displacements along PC1 and PC2 are shown, colored according to the functional state.
(B) The rmsf profile concerning the projections along PC1 is shown, the lines being colored according to the secondary structure.
(C) Two side views of a number of projections of the average structure of Arf along PC1, generated to feel the gap between minimum and maximum displace-
ments. Because theminimum andmaximum displacements correspond, respectively, to the SGTP and SGDP states, coloring goes from red to green, according to
the functional state.
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2pz2). Deformations along PC2 essentially involve b2, b3, and
swII (Figure 3), suggestive of mechanistic implications for these
lobe 1 portions. Displacement plots show that, only for the Arf
family, PC1 accounts also for nucleotide-dependent motions,
by separating the inactive (SGDP) from the active (SGTP) forms
due to a conformational rearrangement of the b2/b3 hairpin,
the so-called interswitch toggle (Pasqualato et al., 2002). To
deeply investigate such a functional dynamics specialization of
Arf, PCA was redone but using now in the evolutionary ensemble
only sequences of this family (considering the entire sequence
but the N-terminal helix that is not resolved in the SGTP states).
The corresponding first eigenvector captures the same deforma-
tions as PC1 on the whole family, but highlighting swI as the
portion that undergoes the highest amplitude displacements in
response to nucleotide (Figure 4).
Collectively, the analysis of structures created by evolution
suggests that the functional specialization of selected GTPases
involves rearrangements distributed into both lobes 1 and 2,
whereas the conformational changes related to the trans-family
nucleotide switch mechanism pertain almost exclusively to lobe
1 portions.406 Structure 18, 402–414, March 10, 2010 ª2010 Elsevier Ltd All rigThe Evolutionary and Intrinsic Flexibilities
of the Conserved Core Overlap
The relations existing between evolutionary and intrinsic flexibil-
ities of the conserved Ras domain were investigated by com-
paring important deformation subspaces from PCA and elastic
networkmodel (ENM) analysis, as defined by either the first three
eigenvectors or a variable number of eigenvectors describing
90% of the total variance (the essential subspace [ES], Table 1).
Comparisons were carried out on one family representative
structure for each of the SGDP, SGTP, and SGEF functional forms
(see Experimental Procedures for representative selection). For
all the different functional forms, the ENM and PCA subspaces
gave comparable overlaps (as measured by the RMSIP; see
Experimental Procedures) with the considered PCA eigenvec-
tors. We evaluated also the cumulative square overlap (CSO)
between the ENM ES and the individual eigenvectors that define
the PCA ES (21 eigenvectors). In this respect, for all the repre-
sentatives except one, the maximum overlap between ‘‘evolu-
tion-driven’’ movements and ‘‘physical deformations’’ involved
the second PCA eigenvector (Table 1), which, hence, summa-
rizes the nature of the deformation movements coded by the
ENM ES.hts reserved
Table 1. Comparison between ENM and PCA Essential
Subspaces
Structure RMSIPa CSOb
Arf 1hurGDP 0.62 (25.78) 0.82628:2(3.25)
2j59GTP 0.61 (30.89) 0.79930:2(3.02)
ger2GEF 0.62 (31.85) 0.82027:2 (3.39)
Ga 1gp2GDP 0.60 (17.68) 0.81617:2 (4.30)
1cipGTP 0.57 (17.62) 0.72418:2 (3.24)
2hlbGEF 0.62 (16.35) 0.82916:2 (4.51)
Ras 2quzGDP 0.66 (26.30) 0.85429:2 (3.68)
5p21GTP 0.61 (24.47) 0.82228:2 (3.26)
1bkdGEF 0.64 (26.02) 0.81328:2(3.21)
Rab 3cphGDP 0.63 (24.08) 0.79329:6(3.04)
1g17GTP 0.61 (24.97) 0.79629:2(3.03)
2eqbGEF 0.63 (24.32) 0.84929:2(3.36)
Rho 1ftnGDP 0.63 (23.42) 0.80627:2(3.34)
1kmqGTP 0.61 (24.95) 0.81627:2(3.36)
1x86GEF 0.63 (24.96) 0.81727:2(3.38)
See also Table S4.
a The root-mean-square inner product computed on the family-specific
representative structures of the SGDP, SGTP, and SGEF states is shown.
The Z-scores relative to the dot products between ENM ES and PCA
ES of each representative are reported in parentheses.
b Thecumulativesquareoverlapcomputedon the family-specific represen-
tative structures of the SGDP, SGTP, and SGEF states is shown. The first two
superscript numbers refer to the number of eigenvectors that define the
ENM ES, whereas the second superscript number refer to the PCA eigen-
vector, which gives the highest overlap with the ENMES. PCA eigenvector
selection considered only the component of the essential subspace (i.e.,
21 eigenvectors). The associated Z-scores are reported in parentheses.
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formed also in the context of family-specific data sets to evaluate
the extent to which selected representatives reproduce the flex-
ibility observed in the experimental structural data sets of a given
family. In this respect, the root-mean-square fluctuations (rmsf)
of the conserved core computed on the pseudo-Ca-trajectories
of the representatives in the inactive and active states were
compared with the ones obtained from the corresponding
family-specific data sets of the inactive and active forms (Fig-
ure 5). The rmsf concerning both ENM and PCA data sets show
higher flexibility for the inactive forms compared with the active
ones. Moreover, the good correlation between ENM and PCA
RMSFs suggests that, qualitatively, the physical deformation
patterns of the Ras domain determined from ENM reproduce
well the evolutionary flexibility captured from the crystallographic
data sets. Quite remarkable, the overlapping motions between
PCA and ENM subspaces essentially involve swII and, to a lower
extent, b2 and b3, and may represent trans-family features of
the conserved core possibly related to the nucleotide switch
mechanism shared by the members of the Ras superfamily.
The Analysis of the Intrinsic Flexibility
Reveals Conserved Hinge Regions
with Potential Mechanistic Implications
The characteristic deformation modes of the Ras domain from
functionally different (SGDP, SGEF, and SGTP) representatives ofStructure 18, 4each family were compared in order to gain further insights
into conserved or divergent dynamical properties of such do-
mains in different functional forms. The RMSIP between the
eigenvectors that define the ENM ES in representatives of the
five families is quite large (Table S2), suggesting that, especially
for the SGTP forms (RMSIP = 0.8, on average), the normal modes
of the Ras domain, given a specific functional state, are main-
tained throughout the whole Ras superfamily.
The rmsf values computed on the whole-length pseudo-Ca-
trajectories of the family representatives in the inactive and
active states highlight swI and b2/b3 turn as the lobe 1 portions
excluded from the conserved core analysis that, together with
b2, b3 and swII, participate in the trans-family intrinsic flexibility
(Figure 6). Furthermore, the rmsf profiles show that fluctuation
differences between GDP- and GTP-bound forms essentially
concern swII, which exhibits higher flexibility in the inactive forms
compared with the active ones (Figure 6; Table S3). Collectively,
the total variance of either the whole protein or the conserved
Ras core, as estimated from the ENM-generated pseudo-Ca-
trajectories, highlights the higher flexibility of the SGDP and
SGEF forms, with particular emphasis to the last ones, compared
with the SGTP forms (Table S3).
Hinges (as determined by a WebServ program [Camps et al.,
2009]) are extremely well conserved across the Ras superfamily
and are defined by highly conserved residues, which suggest
functionally relevant roles for such hinges (Figure 7A).
In general, hinge points occur at the N or C termini of b strands
(Figure 7) defining large flexible motives. One of these motives is
located at the N terminus of b4, the portion that immediately
follows swII. Such hinge contributes to the lobe 1 flexibility that
primarily involves swII and was captured by PC2 (Figures 3
and 4) as well as by ENM (Figure 5). On this line, the superimpo-
sition of ENM rmsf and force constant profiles shows that, espe-
cially for lobe 1, each of the highest and most conserved rmsf
peaks generally precedes a highly conserved force constant
peak (a selected example is shown in Figure 7B). This is sugges-
tive of a strong link between the position of the most conserved
hinge and that of the most conserved essential motions.
Hinge computations on the trajectory referred to the whole
proteins instead of the conserved core (Figure 7C) did not
change significantly the force constant profile, indicating that
the mechanical/dynamical properties connected to the con-
served Ras domain prevail over the dynamics of the entire pro-
tein, and that the sequence-structural variations, which confer
class specificity, leave unchanged the dynamical/mechanical
properties of the catalytic core. This general inference applies
also to large Ga proteins holding an a-helical domain in addition
to the Ras-like domain. Indeed, for these proteins, the most
conserved hinges in the Ras-like domain prevail in strength
over the extra hinges at the linkers 1 (the a1/aA loop) and 2
(aF helix) regions. Remarkably, these regions participate in the
interdomain interface and had already been predicted to be in-
volved in interdomain rigid bodymovements (Cerusoet al., 2004).
Normal Modes May Serve to Describe
the Nucleotide Exchange Process
To further analyze the properties of the Ras domain in the context
of the whole protein dynamics, we evaluated the ability of the
ENM modes (computed using the entire structures) to capture02–414, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 407
Figure 5. Rmsf Profiles Computed on the Crystallographic Data Set and the ENM Pseudotrajectories Limited to the Conserved Core
See also Table S2.
In each graph, the rmsf profile of the respective family data set (gray) is compared with that computed on the ENM trajectories (black) derived from representative
GDP- (left) and GTP-bound (right) structures of (A) Arf (PDB codes 1HUR and 2J59), (B) Ga (PDB codes 1GP2 and 1CIP), (C) Rab (PDB codes 3CPH and 1G17), (D)
Ras (PDB codes 2QUZ and 5P21), and (E) Rho (PDB codes 1FTN and 1KMQ).
Structure
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Figure 6. Rmsf Profiles Concerning the
ENM Pseudotrajectories from the GDP-
and GTP-Bound Forms of Five Ras GTPase
Representatives
See also Table S3.
Grey and black lines refer to the rmsf profiles
computed on the ENM pseudotrajectories of the
GDP- and GTP- bound forms of (A) Arf (PDB co-
des 1HUR and 2J59), (B) Ga (PDB codes 1GP2
and 1CIP), (C) Rab (PDB codes 3CPH and
1G17), (D) Ras (PDB codes 2QUZ and 5P21),
and (E) Rho (PDB codes 1FTN and 1KMQ).
Dashed lines concern portions that do not belong
to the structurally conserved core.
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exchange process. Thus, for each family representative of the
inactive (SGDP), active (SGTP), and intermediate (SGEF) states,
any possible pairwise two-way functional state transition was
attempted.
The conformational transitions were investigated through the
Mahalanobis metric (Noy et al., 2007), in which the reference
structure is allowed to move along a certain number of normal
modes (in this study the first ten) in order to find the easiest defor-
mation pathway between reference and target conformations.
The results obtained confirmed that, for each family, the transi-
tions between nucleotide exchange intermediates and either
the inactive or the active forms are the best described in terms
of normal modes computed on the SGEF intermediates (Fig-
ure S2). In contrast, the direct transition between the inactiveStructure 18, 402–414, March 10, 2010and active forms, although starting
from a lower root-mean-square deviation
(rmsd), was poorly described by the
lowest frequency modes, indicating that
direct transition is energetically unfavor-
able. Projection of each SGEF structure
along the easiest deformation path
traced by the first ten normal modes
reveals that the movements of the swI
and swII are the main ones responsible
for the transition from the intermediate
toward the active state conformation
(Figure 8), stressing the fundamental
role of these two protein portions in the
functional dynamics of the Ras super-
family.
DISCUSSION
Little is known about the relationships
between flexibility and function in the
biologically relevant Ras superfamily of
proteins. In this study, we compared the
evolutionary and physical deformability
patterns of the most representative
members of this superfamily of GTPases
with the aim to decipher the deformation
modes associated with function reten-
tion and function specialization.The intrinsic trans-family flexibilities of the Ras-like domain
captured by the overlapping PCA and ENM subspaces involve
lobe 1 portions, in particular, swI, interswitch, and swII. Remark-
ably, the latter region follows the strongest and most conserved
hinge point at the N terminus of b4, which defines a separation
between lobes 1 and 2. Highly conserved hinge positions follow
conserved rmsf peaks in lobe 1, corresponding to swI, b2/b3
turn, and swII. Consistently, the ENM simulated deformation
from the SGEF to the SGTP states for selected representatives of
the five different families highlighted lobe 1 components like
swI and swII as the portions involved in the motions related to
the nucleotide exchange process. Collectively, these data
suggest that the trans-family intrinsic flexibility of the conserved
core concerns conserved motions that essentially involve lobe
1 portions close to the nucleotide binding site, and areª2010 Elsevier Ltd All rights reserved 409
Figure 7. Hinge Predictions Concerning Selected GTP-Bound Forms of Selected Representatives of the Ras GTPases
(A) The force constant profile concerning the conserved core of the SGTP representatives of the five families is shown. A family-dependent color coding has been
employed.
(B) Force constant (red) and rmsf (black) profiles computed, respectively, on the ENM pseudotrajectory computed on the crystal structure of GTP-bound Ras
(PDB code 5P21).
(C) Cartoons of the crystal structures of theGTP-bound forms of Arf (PDB code 2J59), Ga (PDB code 1CIP), Rab (PDB code 1G17), Ras (PDB code 5P21), andRho
(PDB codes 1KMQ). Cartoons are colored according to the hinge value decreasing from red to blue.
Structure
Functional/Evolutionary Dynamics of Ras GTPasesinstrumental in function retention (Figure 1). Conservation of
hinges and motions within the superfamily is likely dependent
on the conserved topology of the Ras-like domain rather than
on the amino acid sequence and, hence, the specific chemical
details of the amino acid side chains. These inferences agree
with ideas previously introduced in the context of protein folding
(Clementi et al., 2000; Ueda et al., 1978).
Functional retention-oriented deformation modes described
above lead to functional specialization when associated with
the evolution-driven deformations of protein portions distal
from the nucleotide, such as the N terminus, or the a3-a5 helices
in lobe 2. This was inferred from PCA carried out on the con-
served core of the whole superfamily data set as well as on the
Arf family members, taken in their almost complete length.
Indeed, the first principal component operated a clear separa-
tion between Ga/Arf members and Ras/Rho/Rab members,
indicative of a possible evolutionary link between these two clus-
ters of families, in line with the outcome of phylogenetic analyses
carried out on Ras superfamily members (Colicelli, 2004). The
concerted motions associated with such clustering essentially
involve the approaching of the b2/b3 hairpin to a5, concomitant
with the a4 main axis becoming more parallel to that of a5 on
going from the GDP-bound forms of Arf to the Rab/Ras/Rho410 Structure 18, 402–414, March 10, 2010 ª2010 Elsevier Ltd All rigcluster through the cluster comprising the active forms of Arf
and all the members of the Ga family (Figures 2 and 3). Remark-
ably, the same motion component is associated with displace-
ments from the GDP to the GTP bound forms of Arf, postulating
a functional specialization-oriented evolutionary flexibility. The
latter apparently relates to the ‘‘interswitch toggle device,’’ which
is peculiar to selected members of the Arf family and establishes
a front-back communication between the nucleotide binding site
and the membrane-facing N terminus (Pasqualato et al., 2002)
(Figure 4). The family-specific structural changes involving the
b2/b3 hairpin are linked, at least in part, to differences in length
of the interswitch strands that are each 2 residues longer in the
members of the Ras/Rab/Rho cluster compared with the Arf/
Ga cluster (Figure 2). The additional involvement of swII in the
structural clustering operated by the first eigenvector of PCA is
in agreement with the evolutionary analysis by Neuwald (2007).
The PC1-mediated clustering relates in part to the postulated
differences in the membrane anchoring that would occur at the
N terminus for the Arf/Ga and at the C terminus for Rab/Ras/
Rho, as also indicated by the position of the lipid modifications.
In this respect, for a selected member of the Ras family, i.e.,
H-Ras, b2/b3 hairpin, and a5 helix, have been implicated in a
novel switch mechanism involving a nucleotide-dependenthts reserved
Figure 8. Deformation Patterns Corresponding to the SGEF/SGTP Transitions for Representative Members of the Ras GTPases
See also Figure S2.
The pseudotrajectories have been obtained from a selected SGEF structure for each of the five considered families, namely the PDB encodedGER2, 2HLB, 2EQB,
1BKD, and 1X86 for Arf, Ga, Rab, Ras, and Rho, respectively. The five average structures were deformed along the first ten normal modes, minimizing the rmsd
from the target SGTP structure, i.e., the structure encoded as 2J59, 1CIP, 1G17, 5P21, and 1KMQ for Arf, Ga, Rab, Ras, and Rho, respectively. The initial, target,
and deformed structures are colored in blue, red, and gray, respectively.
Structure
Functional/Evolutionary Dynamics of Ras GTPaseschange in the membrane anchoring of the protein, operated
through a4 and the hypervariable region (HVR) in a5 (Abankwa
et al., 2008).
Remarkably, this study highlighted the overall higher flexibility
of the SGEF intermediate state compared with the inactive andStructure 18, 4active ones, a feature that may relate to the fact that the nucleo-
tide switch mechanism passes through the SGEF state. Not
surprisingly, the transitions between SGEF and either SGDP or
SGTP states are always better described when the normal modes
are computed on the SGEF intermediate. This suggests that02–414, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 411
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Functional/Evolutionary Dynamics of Ras GTPasesevolution has refined this superfamily of proteins so as to define
an optimum flexibility for the intermediate state that would facil-
itate the pathway for SGTP4 SGDP conversion.
In summary, in agreement with previous inferences on other
systems (Maguid et al., 2008; Pang et al., 2005), this study
suggests that the structural flexibility patterns, which allow the
Ras GTPases to accomplish their switching function, are
conserved along evolution and pertain to lobe 1 portions close
to the nucleotide. On the other hand, the deformation modes
dictated by evolution serve to function specialization of selected
family or family members and involve, in addition to the same
lobe 1 portions necessary for function retention, protein regions
such as the N terminus or the a3-a5 helices in lobe 2, which are
distal from the nucleotide binding site and may participate in
interactions with membrane, GEFs, or effector proteins. In other
words, for Ras GTPases, functional specialization results from
the mixture between the same deformation patterns essential
to function retention and those instrumental in selective intermo-
lecular interactions.
EXPERIMENTAL PROCEDURES
Principal Component and Elastic Network Model Analyses
The evolutionary flexibility within the Ras superfamily was investigated through
PCA (by means of the WORDOM software [Seeber et al., 2007]) of the
conserved core of selected crystal and NMR structures of Arf, Ga Rab, Ras,
and Rho family members. The structurally conserved domain was identified
through a multiple structural alignment of five representatives, i.e., one per
family (1KSH, 1TND, 3RAB, 5P21, and 1OW3 for the Arf, Ga, Rab, Ras, and
Rho families, respectively), using Multiprot software (Shatsky et al., 2004).
The corresponding sequence alignment, derived by using Staccato software
(Shatsky et al., 2004) and refined to improve secondary structure matches,
is shown in Figure 1. The finally selected structurally conserved Ras domain
includes 134 Ca-positions.
Building of the data set for PCA followed DaliLite (Holm and Park, 2000)
searches by using the five representative structures as queries. In order to
make the most exhaustive search for each family, each of these five additional
representatives was used as an input for DaliLite searches. The 387 finally
retrieved structures were subjected to functional-state-dependent cluster
analysis via the WORDOM software (Seeber et al., 2007) by using a Ca-rmsd
cutoff of 0.5 A˚, leading to a final set of 168 structures (Table S1).
The ENM approximation (Tirion, 1996) was used to explore the intrinsic
conformational flexibility of the conserved structural core of one representative
of the SGDP, SGTP, and SGEF functional forms for each family. The criterion for
selecting three functionally different representatives for each family was the
lowest Ca-rmsd from the average structure of the conserved core in a given
functional form data set, together with the homogeneity in primary sequence.
In this respect, the selected representatives of the Arf, Ga, Rab, Ras, and
Rho families belong, respectively, to the Arf1, Gai, Sec4, H-Ras, and RhoA
subfamilies. Remarkably, the Ca-rmsd values in each set of SGDP, SGTP, and
SGEF forms are low, indicative of significant structural homogeneity (Table
S4). With ENM, the protein structure is described solely by the Ca-atoms, in-
teracting by a Hookean harmonic potential. We employed the Kovac’s poten-
tial (Kovacs et al., 2004) implemented in the FlexServ (Camps et al., 2009).
The total energy of the system is described by the following Hamiltonian
(Equation 1):
E =
X
isj
kij

dij  d0ij
2
; (1)
where dij and dij
0 are respectively the instantaneous and equilibrium distance
between Ca-atoms i and j, while kij is a distance-dependent force constant
defined by Equation 2:
kij =C
 
d0ij
dij
!6
(2)412 Structure 18, 402–414, March 10, 2010 ª2010 Elsevier Ltd All rigwhere C is constant (with a default value of 40 Kcal/mol$A˚2) (Kovacs et al.,
2004). Cartesian pseudotrajectories can be determined by triggering normal
mode deformations (at a given temperature) by using aMetropolis Monte Carlo
algorithm (Rueda et al., 2007), using potential energy as defined by Equation 3:
E =
Xm0
i = 1
KiDD
2
i (3)
where m is the number of the eigenvectors defining the essential subspace
(i.e., the 90% of variance explained), DDi is the displacement along the
mode, and Ki is defined by Equation 4:
Ki =
kBT
2l
(4)
where l is the eigenvalue in distance units, kB is the Boltzmann constant, and T
is the temperature.
The essential deformation patterns of the Ras domain were obtained by PCA
(by means of the PCASUITE package [http://mmb.pcb.ub.es/software/
pcasuite/]; Meyer et al., 2006) on the Ca-atoms of the conserved core from
the pseudo-trajectories generated by FlexServ (http://mmb.pcb.ub.es/
FlexServ; Camps et al., 2009).
For each ENM simulation, a set of eigenvectors of the same dimensionality
of those derived from PCA on the experimental structures was derived by
using equivalent number of particles in ENM and PCA. For completeness,
sets of normal modes with the entire protein dimensionality were obtained.
Comparison of the PCA and ENM Subspaces
The evolutionary subspace spanned by the PCA eigenvectors was related to
the physical intrinsic subspace sampled by ENM by computing the scalar
product Oij (Equation 5):
Oij =
X3N
n=1
pnj$mni (5)
where pj is the jth principal component andmi is the ith eigenvector from ENM.
The overlap between jth PCA eigenvector and ENM ES was evaluated
through the CSO (Equation 6):
CSOðkÞ=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXk
i = 1
O2ij
vuut (6)
where k is the number of eigenvectors defining the essential physical
subspace (i.e., the number of eigenvectors explaining the 90% of variance)
(Zheng et al., 2007).
The PCA and ENM subspaces were compared by the RMSIP (Equation 7,
Amadei et al., 1999):
RMSIP=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
k
Xk
i = 1
Xk
j =1

pj$mi
2vuut (7)
The statistical significance of the RMSIP (or CSO) valueswas tested by refer-
ring them to a background model (Emperador et al., 2008), which corrects for
spurious similarities originated from the completeness of the essential space.
Accordingly, pseudocovariance matrices were generated by using discrete
MD (dMD) with a covalent square well plus hard sphere at Ca, and the related
pseudoeigenvector sets were used to calculate a background RMSIP (or CSO)
distribution for each essential subspace considered. Z-score indexes of the
observed RMSIP values were then computed according to Equation 8:
Zscore =
gobs  gran
sdðgranÞ
(8)
where gobs is the observed RMSIP (or CSO), gran is the average random
RMSIP (or CSO), and sdðgranÞis the standard deviation obtained by performing
15 dMD replicas.Investigation of the Hinge Points and of the Nucleotide
Exchange Process
The analysis of hinge points was performed through the force constant method
(Sacquin-Mora and Lavery, 2006) implemented in the PCASUITE package
(http://mmb.pcb.ub.es/software/pcasuite/, Meyer et al., 2006).hts reserved
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were investigated by measuring the capability of the ENM modes, computed
on each functional state representative, to describe the transition pathway
toward a given target structure. Then, the Mahalanobis metric (Noy et al.,
2007) was employed, which measures the weighted distance in the essential
space needed to convert a reference structure, for which the essential modes
are computed, into a target conformer (Equation 9):
dM =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXn
i = 1
 
xi
l
1=2
i
!2vuut (9)
where xi is the displacement along individual eigenvectors required for the
transition, li is the corresponding eigenvalue, and n the number of eigenvec-
tors employed in the computation. Following a procedure already described
(Noy et al., 2007), the minimum Mahalanobis distance between the two struc-
tures was computed by displacing the reference structure along the different
eigenvectors by small increments in order to reduce the initial rmsd calculated
between the reference structure and the target one, while keeping dM to
a minimum (the default 0.8 A˚ rmsd threshold was chosen to define the end
of the transition).
Note that Mahalanobis distance between two conformers can be easily
transformed into the energy (within the harmonic limit) associated with this
transition:
E =
KBT
2
d2M (10)
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